Geologic carbon dioxide (CO 2 ) sequestration is being considered as a way to offset 2 fossil-fuel-related CO 2 emissions to reduce the rate of increase of atmospheric CO 2 3
an expedient way. A simple verification problem is presented to show that the methods 1 are implemented correctly. While the discussion below focuses on CO 2 transport, all of 2 the gas-phase components are treated identically. 3
Transport of Dilute CO 2 as a Passive Gas 4
Transport of CO 2 as a passive gas implies that it advects and disperses in the atmosphere 5 without influencing the flow field. In order for this assumption to hold, CO 2 must be at 6 sufficiently low concentrations that it does not significantly affect the density or viscosity 7 of the ambient atmosphere. Under this assumption, we discuss below the underpinnings 8 of the use of an ambient wind profile as well as advection and dispersion processes in the 9 lower layers of the atmosphere as developed in the atmospheric transport literature (e.g., 10 Slade, 1968; Pasquill, 1974; Stull, 1988; Arya, 1999) . 11
Logarithmic Velocity Profile 12
The ambient time-averaged wind profile near the ground surface has been shown 13 theoretically to follow a logarithmic profile. An excellent review of the assumptions and 14 calculations involved in the logarithmic profile, as well as experimentally derived 15 parameters obtained from calibration to field data is provided in Slade (1968, p. 73 where u(z) is the ambient wind velocity as a function of height, u * is the friction velocity 1 (a parameter that governs the shape of the wind profile near the ground surface for 2 various surface types), k is von Karman's constant (k = 0.4), z is the elevation, and z 0 is a 3 roughness height such that u(z) = 0 for z ≤ z o and is also a function of various surface 4 types (Slade, 1968) . The logarithmic wind profile is strictly applicable only to neutral 5 stability conditions, although equations that account for its variation with atmospheric 6 stability can be formulated (e.g., Golder, 1972) . 7
Advective-Dispersive Transport 8

Gradient Transport Theory 9
The mean turbulent transport of CO 2 as a passive gas in the surface layer can be 10 described by the advective-dispersive transport equation with variable eddy diffusivities 11 (K x , K y , K z ) (Arya, 1999, p. 137) . For the three-dimensional (x, y, z) transport of a 12 component (such as CO 2 ) at concentration c, this equation is 13
For convenience in surface-layer transport modeling, the coordinate system can be 16 arranged so that x is aligned in the downwind direction, making v = w = 0 where u is the 17 ambient wind. 18
Gaussian Plume Model 19
For the special case of constant eddy diffusivities and the assumption of a uniform wind 20 velocity (u) with no shear (i.e., no velocity gradient), and assuming that advection 21 Rev. 
where σ x , σ y , σ z are the standard deviations of concentration distributions at an 4 observation or receptor point, and t is the travel time to the point (e.g., Arya, 1999, p. 5 132) . 6
The fundamental challenge in Gaussian plume modeling is the estimation of the eddy 7 diffusivities. The empirically derived Pasquill-Gifford (P-G) dispersion curves provide a 8 practical means of determining atmospheric dispersion, and are discussed in detail in 9 Slade (1968) and Arya (1999) . Essentially, eddies that are smaller than the plume size 10 are assumed to result in dispersion of passive constituents that can be mathematically 11 represented as a diffusion process. The Pasquill-Gifford dispersion curves were 12 developed from experiments conducted over a wide variety of terrain (e.g., project Prairie 13 Grass and British diffusion experiments (Pasquill, 1961; Gifford, 1961) ) and atmospheric 14 conditions (ranging from class A-extremely unstable, class B-moderately unstable, class 15 C-slightly unstable, class D-neutral, class E-slightly stable, to class F-moderately stable). 16
The Pasquill-Gifford curves provide values of σ y and σ z as a function of a downwind 17 observation or receptor location under a specific atmospheric condition (classes A-F) 18 from which constant values of D yy and D zz can be derived from Eq. 3. The Gifford dispersivities are valid for dispersion over distances less than approximately 1 km 20 downwind from near-surface sources over moderately rough and flat terrain (Slade, 1999, 21 p. 203).Rev. 1.1
Despite the agreement with field data and widespread acceptance for large-scale 1 modeling, the Gaussian plume model assumes uniform velocity, which is not valid in the 2 surface layer near the ground surface, an area of particular interest for CO 2 leakage and 3 seepage studies. Before presenting the preferred approach that we have used in this 4 study, we present a verification problem that makes use of the simple analytical solutions 5 of the Gaussian plume model to confirm our implementation of eddy diffusivities and 6 velocity specification in T2CA. 7
Verification 8
The simple Gaussian plume model is useful for verifying the surface-layer dispersion 9 capabilities we have developed in T2CA. We show in Figure 6 contours of CO 2 concentration for the y-z plane extracted from the 5 3-D domains of both the analytical and T2CA results. As shown, the agreement is very 6 good. At x = 100 m, we have extracted the profile in the y-direction and plotted CO 2 7 concentration against y for the analytical and numerical T2CA results as shown in Figure  8 7. As shown, the agreement is very good, and the calculated standard deviations match 9 closely ( Figure 7 ). Using Eq. 3 with D yy = D zz = 5 m 2 s -1 , the theoretical standard 10 deviation at x = 100 m would be 31.6 m, in good agreement with calculated results. The 11 10% puff-radius approximation (Arya, 1999, p. 132 ) matches the theoretical result to 12 within 1% (σ rp = 67.4 m/2.15 = 31.3 m). These results serve to verify the atmospheric 13 dispersion framework built into T2CA. 14
Variable-K Theory 15
Although attractive for its simplicity and widely used, the Gaussian plume model is not 16 valid for situations with wind shear (i.e., a non-zero gradient of u with height), as 17 appropriate for winds near the ground surface that will affect CO 2 seepage (Arya, 1999, 18 p. 197-199) . Instead, theory and data point to the need for variable eddy diffusivities (K x , 19 K y , K z ), an approach called variable-K theory. The variable-K theory is recommended for 20 cases with wind shear and non-homogeneous turbulence such as will be found in the 21 surface layer (Arya, 1999, p. 143 ). For our surface-layer applications involving CO 2 22 Rev. 1.1 seepage, we have used variable K-theory and the assumption that K z increases linearly 1 with height as 2 (Arya, 1999, p. 143) . This model assumes neutral stability in the surface layer, allows for 4 a variable wind speed with height, and models the larger dispersion that occurs as the 5 plume moves upward. There is no analogous formulation of K y valid for short travel 6 distances (< 10 km) in variable-K theory (Arya, 1999, p. 151) . Because of this 7 shortcoming of variable-K theory, and the urgent need to understand potential leakage 8 and seepage CO 2 concentrations, we adopt here a 2-D configuration for our test problem 9 that models only vertical dispersion and downwind advection by wind with a logarithmic 10 velocity profile. Because CO 2 dispersion will occur only in the vertical direction, this 11 represents a conservative model in that actual CO 2 concentrations downwind will be 12 lower for emissions from any realistic areal source for which lateral dispersion occurs. 13
The neglect of lateral dispersion is not an inherent limitation of T2CA, which is in fact 14 three-dimensional, and can include lateral dispersion assuming a reasonable 15 parameterization is available. 16
Summary 17
We have combined the logarithmic velocity profile and variable-K theory into a 18 preliminary and expedient approach for modeling multicomponent (CO 2 , gas tracer, and 19 air) transport in a 2-D surface layer that is directly coupled with a porous medium 20 subsurface region. In this approach, we calculate eddy diffusivities from the variable-K 21 diffusivity of Eq. 4 to produce an effective atmospheric dispersivity at every gridblock in 22 the surface layer, a convenient approach in the discretized framework of T2CA.Rev. 1.1
Although it is normally negligible, the molecular diffusion coefficient is added to the 1 eddy diffusivity with the largest term controlling the dispersion process. The single 2 effective dispersivity is then used in the advective-dispersive transport equation for each 3 chemical component to model surface-layer transport. The methods implemented in 4 T2CA for surface-layer dispersion are the subject of ongoing verification and testing. 5
IMPLEMENTATION IN TOUGH2 6
Specification of the Logarithmic Wind Profile 7
The simulation of atmospheric advection and dispersion by the above methods requires 8 the specification of a logarithmic wind profile within the TOUGH2 framework that will 9 prevail throughout the simulation. This step involves generating a grid with sufficient 10 layers (i.e., parallel to the ground surface) to discretize the wind profile to the desired 11 accuracy. Next, a static gas-phase pressure profile in the z-direction is used along with a 12 constant pressure difference between the upstream and downstream boundaries of the 13 surface layer 14
where P 1 and P 2 are the upstream and downstream pressures, respectively, within a layer. 17 TOUGH2 computes the phase velocity using Darcy's equation 18
where k D is the intrinsic (Darcy) permeability, φ is the porosity, µ is the gas viscosity, ρ is 22 the mass density of the gas phase, g is the gravitational acceleration and z is height. 23 Rev. 1.1 air will be proportional to the permeability of the layer and pressure difference, ∆P, for 1 horizontal layers. Given that ∆P is a constant for all layers, the individual permeability 2 variations of the layers will combine to produce the logarithmic wind profile. Note that 3 the thickness of each layer must be constant to ensure a constant air velocity within the 4 layer across the length of the domain. Note further that the permeability is a pseudo-5 permeability with no physical significance; its purpose is simply to create the desired 6 velocity profile. Note further that the velocity in the surface layer does not change during 7 the simulations because the dispersion process is passive. In essence, we have specified a 8 velocity field for the surface layer that persists throughout the T2CA simulation. In the 9 example presented below, the permeability for the top atmospheric layer with the highest 10 (reference) velocity is set to 1 x 10 -2 m 2 to minimize ∆P in Eq. 5 and the potential for 11 artificial forced flow of atmospheric air from the upstream boundary into the subsurface. 12
In addition, this value also permits smooth convergence of the Newton iteration. 13
Calculating Atmospheric Dispersion 14
Within the TOUGH2 framework, transport of CO 2 as a passive gas will follow the 15 advective-dispersive transport equations used to calculate the multicomponent transport 16 of species in the gas phase. Ambient atmospheric dispersion of CO 2 is implemented by 17 using a spatially dependent effective molecular diffusivity in the surface-layer region. 18
With this approach, the diagonal of the tensor representing diffusion of CO 2 is modified 19 to be the sum of the eddy diffusivity and molecular diffusion. 20
Numerical dispersion in the implicit and upstream-weighted TOUGH2 framework is on 21 the order of one-half the grid spacing multiplied by the velocity. Because of the 22 Rev. 1.1 alignment of the grid with the unidirectional wind, numerical dispersion occurs only in 1 the flow direction (i.e., x-direction) in the surface layer. In the quasi-steady cases we are 2 considering, advection dominates transport in the flow direction. In the vertical direction, 3 the velocity is zero (w = 0), thus vertical eddy diffusion is untainted by numerical 4 dispersion. If CO 2 front tracking in the surface layer ever arises as a focus of interest, 5 special weighting schemes can be implemented to diminish numerical dispersion in the 6 flow direction (e.g., Oldenburg and Pruess, 2000) . 7
Restriction to Passive Dispersive Transport 8
In general, CO 2 dispersion can occur both as a dense or as a passive gas, depending on 9 CO 2 concentration. Although our approach is applicable only to passive gas transport in 10 the surface layer, note in Eq. 6 that the body force term remains. Therefore, if significant 11 density effects ever arise in the surface layer, velocity will be affected and will deviate 12 from the logarithmic velocity profile that should remain unaltered throughout the 13 simulation. If the velocity profile in the surface layer changes, it is an indication that the 14 atmospheric dispersion process is not strictly passive, and the user should proceed 15 carefully to assess whether other methods should be applied to model dense gas 16 dispersion. Full density dependence is assumed in the subsurface (porous medium) 17 regions where CO 2 concentrations can be quite large and density-driven flow 18 correspondingly important. 19
Summary 20
Implementing the coupled subsurface-surface-layer CO 2 flow and transport model in 21 TOUGH2 involves the assumption of an average logarithmic wind velocity profile and 22 the use of an effective dispersivity formed by summing the eddy diffusion and molecularRev. 1.1 diffusion coefficients. Our approach is novel in that it implicitly couples the surface 1 layer to the subsurface region. This coupling is important because CO 2 seepage may 2 return to the subsurface through gas-phase advection, diffusion, or dissolution in 3 infiltrating water. While our multicomponent transport methods for the subsurface are 4 firmly established and accepted, we present our surface-layer transport and dispersion 5 approach as a preliminary and expedient multicomponent method useful for estimating 6 surface-layer CO 2 concentrations resulting from CO 2 leakage. 7
PRELIMINARY RESULTS 8
We present in this section preliminary results to demonstrate the capabilities of T2CA. 9
The properties of an idealized two-dimensional unsaturated zone and atmospheric surface 10 layer are shown in Figure 8 with properties given in Table 1 In the model system, CO 2 is being injected at the water table to model the arrival of 19 leaking CO 2 from a deep geologic sequestration site. The CO 2 migrates upwards through 20 the unsaturated zone and seeps out of the subsurface into the surface layer. We inject 21 pure water at a constant rate of 10 cm yr -1 at the ground surface to model rainfall 22 Rev. 1.1 infiltration. This rainfall infiltration is capable of transporting dissolved CO 2 from the 1 surface layer back into the subsurface as will be shown below. The subsurface part of 2 this system is a Cartesian version of the radial system we have studied earlier (Oldenburg 3 and Unger, 2003) . We use the same leakage rate of 0.1% yr -1 of an assumed 4 x 10 9 kg 4 CO 2 sequestration site giving rise to a leakage rate of 4 x 10 6 kg yr -1 . If we assume this 5 leakage occurs over 10 4 m 2 , the seepage flux is approximately 1.3 x 10 -5 kg m -2 s -1 . Here 6 we assume a 2-D system with no lateral dispersion (D yy = K y = 0), and we assume a 7
closed top boundary, both of which cause CO 2 concentrations to be larger than in a 3-D 8 system with a thicker surface layer. The neglect of lateral dispersion and 10-m surface-9 layer height are consequences of the choice of test problem and not inherent limitations 10 of T2CA, which is in fact three-dimensional with no limits on domain height. 11
The surface-layer part of the system has porosity equal to unity and a logarithmic velocity 12 profile for neutral stability conditions that we specify by using variable permeabilities in 13 the layers above the ground surface as described in Section 4.1. We define a reference 14 velocity at an elevation of 10 m above the ground to be 1 m s -1 and 5 m s -1 to test two 15 different wind conditions. The simulation is run for six months allowing time for the 16 CO 2 to migrate upward through the unsaturated zone, and seep out of the ground where it 17 is advected and dispersed by wind in the atmospheric surface layer. The simulation is 18 isothermal at 15 ˚C. high in the unsaturated zone because the CO 2 sweeps through the pores and displaces 22 existing soil gas with little chance for attenuation (Oldenburg and Unger, 2003) . A sharpgradient in concentration is maintained at the ground surface because of the large amount 1 of dilution afforded by the wind which advects air into the seeping CO 2 and carries it 2 downwind. Note that we have assumed zero background CO 2 concentration in the 3 system to examine the CO 2 added by the leakage and seepage processes. As shown in 4
Figures 9a, b, the CO 2 concentrations rise strongly in the subsurface, but the CO 2 5 concentrations in the surface layer due to this seepage flux and wind condition are 6 practically negligible. Indeed, Figure 9a shows that the concentrations increase by 7 approximately 0.0001 by mass fraction (~66 ppmv) just above the source area and far 8 less several meters above and downwind from it. Such concentration increases would be 9 easily detectable relative to a background CO 2 concentration of 375 ppmv (~5.7 x 10 -4 10 mass fraction), but would not be a health hazard (NIOSH, 1981) . Dispersion is higher in 11 the 5 m s -1 case than in the 1 m s -1 case because K z increases with friction velocity, and 12 because of the wind dilution effect. The concentrations in the surface layer are 13 essentially steady by t = 6 mos., whereas the concentrations in the subsurface associated 14 with the downward infiltration of rainwater containing dissolved CO 2 are still evolving. 15
Note further in Figures 9a and b the apparent subsurface dispersion of CO 2 to the right 16 (downwind) of the main subsurface plume. This CO 2 is re-entering the subsurface as a 17 dissolved component in infiltrating rainwater. The infiltration source is in the first row of 18 subsurface gridblocks, which obtain CO 2 from the surface-layer plume by gas-phase 19 diffusion. Although infiltration in the model is pure water, natural infiltrating rainwater 20 does have significant capacity to dissolve additional CO 2 relative to its CO 2 content when 21 in equilibrium with ambient atmosphere. Specifically, water in equilibrium with air with 22 Rev. 1.1 CO 2 in water at ground-surface conditions is approximately 1500 mg L -1 . Thus rain 1 water can dissolve additional CO 2 from high-concentration leakage or seepage plumes 2 and transport CO 2 downward as a dissolved component. The process of downward reflux 3 of CO 2 by water infiltration points out the need for coupled modeling approaches that 4 include interactions between the surface layer and subsurface that may be significant in 5 some situations. 6
Figures 9c and d show liquid saturation and mass fraction CO 2 in the liquid phase, 7 respectively. These results point out the multiphase and multicomponent aspects of the 8 model inherent to the TOUGH2 framework. Note the downward infiltration that occurs, 9 and the attenuating effect of CO 2 solubility in water infiltrating into the vadose zone. 10 Figure 10 shows the CO 2 gas-phase mass fractions at a receptor located at the ground 11 surface at x = 645 m (~100 m downstream from the source) for three different reference 12 wind speeds where a CO 2 mass fraction of 10 -4 is approximately 66 ppmv CO 2 . Once 13
again, these results demonstrate that dispersion increases with wind speed, resulting in 14 lower receptor concentrations of CO 2 . Furthermore, this is a conservative estimate in that 15 actual areal sources with lateral dispersion would result in even lower CO 2 concentrations 16 for the same seepage flux. Although the results presented here are two-dimensional, 17
T2CA is a fully three-dimensional model although wind is required to be unidirectional 18 in the x-direction. 19 20 Rev. 1.1
CONCLUSIONS 1
We have developed a simulation capability for coupled vadose zone and atmospheric 2 surface-layer advection and dispersion of CO 2 that may potentially seep from the ground 3 after leaking from geologic carbon sequestration sites. The purpose of such simulations 4 is to provide input to health, safety, and environmental risk assessments, as well as to 5 make specifications for instrumentation needs, and to design monitoring strategies that 6 can be used to verify carbon sequestration and ensure minimal health and environmental 7 risk. The approach we have taken for the dense gas CO 2 is to focus on the difficult-to-8 detect cases of diffuse gas seepage where fluxes are small and surface-layer 9 concentrations are low. In these scenarios, dispersion in the atmospheric surface layer is 10 passive, and the steady logarithmic velocity profile can be used to approximate time-11 averaged winds under conditions of neutral stability. Variable-K theory is used to 12 estimate atmospheric dispersion in T2CA. 13 14 Preliminary application of the method to a two-dimensional CO 2 leakage and seepage 15 scenario shows that while high concentrations of CO 2 can develop in the subsurface, 16 dispersion strongly attenuates the seepage plume in the surface layer. Our preliminary 17 simulation shows that while such seepage would be readily detectable by conventional 18 instrumentation which can detect in the ppmv range, the additional CO 2 would not 19 constitute a significant health or environmental hazard for the conditions studied. As 20 testimony to the need for coupled models, we observed that infiltration is capable of 21 bringing CO 2 back into the subsurface through dissolution into rainwater infiltrating into 22 the subsurface.Rev. 1.1 Figure 3. Correlation for density-dependent and passive dispersion in the surface layer as a function of seepage flux and wind velocity for four different characteristic source area length scales (L) (see Britter and McQuaid, 1988 ).
Logarithmic wind profile Figure 4 . Schematic of the logarithmic velocity profile used to approximate timeaveraged winds in the surface layer. Eq. 6.41 (Arya, 1999) X ( 
